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Abstract
This paper describes the active layer thermal regimes in two shallow boreholes, Sofía 275 m a.s.l. and
Incinerador 35 m a.s.l., for which the ground temperature series has been recorded continuously from
2000 to 2006. The monitoring sites are located in Livingston Island, South Shetland Archipelago,
Antarctica. This is one of the most sensitive regions of Earth to climate change, with a major warming
trend over the last 50 years, of ca. +2.5oC in the Mean Annual Air Temperatures (MAAT). This region
is located near the climatic limit of permafrost, since MAAT at sea level is close to -2oC. Lineal fits of
the ground temperatures series for the study period at different depths in these boreholes show positive
slopes. An outcome from the analysis of freezing and thawing indexes is that most of the ground
warming seems to concentrate in the summer.
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Abstract
This paper describes the active layer thermal regimes in two shallow boreholes, Sofía 275 m a.s.l. and Incinerador 35 
m a.s.l., for which the ground temperature series has been recorded continuously from 2000 to 2006. The monitoring 
sites are located in Livingston Island, South Shetland Archipelago, Antarctica. This is one of the most sensitive regions 
of Earth to climate change, with a major warming trend over the last 50 years, of ca. +2.5ºC in the Mean Annual Air 
Temperatures (MAAT). This region is located near the climatic limit of permafrost, since MAAT at sea level is close 
to -2ºC. Lineal fits of the ground temperatures series for the study period at different depths in these boreholes show 
positive slopes. An outcome from the analysis of freezing and thawing indexes is that most of the ground warming 
seems to concentrate in the summer. 
Keywords: active layer; freezing index; shallow boreholes; ground temperatures. 
Introduction
The climate of the Antarctic Peninsula region has 
experienced a major warming trend over the last 50 years 
with annual mean air temperatures at Faraday/Vernadsky 
station having increased at a rate of 0.56ºC/decade and 
1.09ºC/decade during the winter (King 1994, Turner et al. 
2005).
Several factors contributing to the anomalous warming in 
the Antarctic Peninsula and the Weddell Sea region have been 
proposed, some of them related to the increase in westerlies 
observed over the last 30 years (Marshall 2002). 
Increasing air temperatures and precipitation may cause the 
degradation or even the disappearance of permafrost in the 
sporadic permafrost zone, where current climatic conditions 
produce near-zero annual air temperatures, like in the South 
Shetlands Islands, north of the Antarctic Peninsula.
The energy exchange between the ground surface and the 
atmosphere depends on the radiation balance, ground heat 
fluxes and turbulent heat fluxes at the ground and snow 
surfaces. These are especially complex in the alpine or polar 
maritime areas, where the relief is mountainous and snow 
cover influence is particularly strong (Van Lipzig et al. 2004, 
King & Turner 1997, King et al. 2003). The seasonal snow 
cover, which presents a barrier to ground heat loss in winter, 
is a leading factor in the ground thermal regime and active 
layer depth (Romanosky & Osterkamp 2000, Ling & Zhang 
2004). Snow has a high surface albedo and high emissivity, 
inducing cooling of the snow surface, while its low thermal 
conductivity makes it a good insulator. The ground heat flux 
is another important magnitude in the energy balance and 
the main factors that control it in permafrost terrain are: (i) 
moisture content in the active layer, (ii) thaw effects at the 
free boundary, and (iii) non-conductive heat transfer effects 
(variable thermal diffusivity). 
The active layer thickness and dynamics are extremely 
important factors in polar ecology. Since most exchanges 
of energy, moisture, and gases between the atmospheric 
and terrestrial systems occur through the active layer, its 
thickening has important effects on physical, geomorphic, 
hydrologic and biological processes (Nelson & Anisimov 
1993). Furthermore, the issue of active layer response to 
climate change is of increasing concern, particularly in what 
respects to its degradation and consequent physico-chemical 
influences on the biogeochemical cycle of carbon and on 
global change modeling (Anisimov et al. 1997, Osterkamp 
2003). 
Compared to the Arctic, very little is known about Antarctic 
permafrost (Bockheim 1995). In 2004 only 4 active layer 
boreholes were being monitored in the Antarctic Peninsula 
Region and a number as small as 21 in the whole Antarctic 
region (Bockheim & Hall 2004). Complex logistical and 
maintenance problems and the remoteness of the Antarctic 
are the main causes for this scarcity. The limited knowledge 
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of the ground temperature conditions led to a recent effort 
in order to increase active layer and permafrost research 
in the Antarctic under the framework of international 
programs. Two core projects of the International Polar Year 
2007–08 where Antarctic permafrost plays a central role 
are under way: ANTPAS – Antarctic and Sub-Antarctic 
Permafrost, Soils and Periglacial Environments and 
TSP – Permafrost Observatory Project - Thermal State of 
Permafrost (Guglielmin 2006, Bockheim & Hall 2004). The 
present research is integrated in these projects and intends 
to monitor and model the active layer temperature regime in 
two shallow boreholes in Livingston Island (South Shetland 
Islands, Antarctic Peninsula) (Ramos & Vieira 2003, Ramos 
et al. 2007). 
The study’s ultimate aim is to document the influence 
of climate change on permafrost degradation in this area 
which has a very strong influence on the regional climate 
warming.
Study Area
Livingston Island is located in the South Shetlands 
Archipelago at (62º39!S, 60º21!W) (Fig. 1). The climate 
at sea level is cold oceanic, with frequent summer rainfall 
in the low areas and a moderate annual temperature range. 
The climate reflects the strong influence of the circum-
Antarctic low-pressure system. Meteorological conditions in 
summer are dominated by the continuous influence of polar 
frontal systems (Simonov 1977, Styszynska 2004). Relative 
humidity is very high, with average values ranging from 80 
to 90%.
Data from different stations in King George Island (South 
Shetlands Archipelago) show a mean annual air temperature 
of -1.6ºC near sea level and an annual precipitation of 
about 500 mm. Data that we collected in Livingston Island 
at 15 m a.s.l. show a MAAT from -3.2ºC to -1.5ºC. From 
April to November, average daily temperatures at sea level 
generally stay below 0ºC and from December to March they 
are generally positive. The MAAT (2003 to 2006) at 275 m 
a.s.l. in Reina Sofia Hill, near the Sofía borehole, was -4.2ºC. 
This corresponds to a lapse rate of -0.8ºC/hm and to an air 
freezing season about 1 month longer than at sea level. 
Permafrost in the South Shetland Islands is widespread 
above the Holocene raised-beaches (ca. 30 m a.s.l.) (Serrano 
& López-Martinez 2000). Meteorological and geophysical 
data indicate that environmental conditions close to sea-
level are marginal for the maintenance of permafrost (Hauck 
et al. 2007). 
Methodology
Shallow boreholes
Borehole sites are in the vicinity of the Spanish Antarctic 
Station Juan Carlos I in Livingston Island. One of them is 
located at Reina Sofia hill (275 m a.s.l., 0.9 m active layer 
thickness) in a diamicton with a water content of 22.1% 
in saturation conditions. The other borehole is located 
at Incinerador point (35 m a.s.l., 2.4 m of seasonal frost, 
with possible permafrost below) in quartzite bedrock with 
negligible interstitial water content. Both boreholes were 
drilled in 2000, providing a 7-year series of active layer 
temperatures. 
Thermal diffusivity, calculated by analyzing cuasi-
stationary sinusoidal temperature signals using inverse 
modeling (Blanco et al. 2007), has a mean winter value in 
the Incinerador borehole of 1.5 10-6 ms-2 . In Sofía borehole, 
in winter the value is 0.55 10-6 ms-2 (Ramos & Vieira 2003). 
In the Incinerador borehole a chain composed of six data 
loggers measures temperatures at 5, 15, 40, 90, 150, and 230 
cm depth. At Sofia borehole, four temperature dataloggers 
are installed at 5, 15, 40, and 90 cm. The logging interval 
is 30 min and the accuracy of the data loggers (Tiny Talk 
Gemini Co.) is 0.2ºC. Due to data logger limitations during 
the first years the series present a short period with lack of 
data for the thawing season in both boreholes.
At the monitoring sites there is no vegetation and in the 
islands, mosses and grasses are very sparsely distributed.
Following the Berggren equation, active layer thickness 
is a square root function of the freezing index (Andersland 
& Ladany 1994). Freezing and thawing indexes have been 
calculated for different depths in Sofía and Incinerador 
boreholes and these are used to estimate the evolution of the 
active layer thickness.
Results and Discussion
The analysis of the ground temperatures is based on the 
comparison of the temperatures at 15 and 90 cm depths in 
both boreholes. Temperatures at 230 cm from the Incinerador 
borehole complement the analysis. In the Sofía borehole the 
mean ground temperatures at 15 and 90 cm, from 2000 to 
Figure 1. Location of the study area in Livingston Island. Black 
areas represent glacier free terrain (SAS – Spanish Antarctic 
Station).
Table 1. Freezing season length (in days) in Incinerador and Sofía 
boreholes from 2000 to 2006. Temperatures at 15 cm depth at 30 
min intervals.
Year        INC       SOFIA Sofia-INC
1999 273
2000 197 238 41
2001 211 294 83
2002 201 294 93
2003 225 332 107
2004 211 290 79
2005 176 246 71
2006 197 262 65
Mean 203 279 76
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2006, were -2.6ºC and -2.1ºC respectively. In the Incinerador 
borehole (35 m a.s.l.) at the same depths, values of -0.1ºC 
and 0.2ºC were recorded for the same period. The differences 
between both places are close to the regional atmospheric 
lapse rate that has a value of -0.8ºC/hm (Ramos & Vieira 
2003). The mean length of the freezing season in the Sofia 
site is 279 days per year, which is roughly two months longer 
than at the Incinerador site (see Table 1). 
During the 7-year period the thermal regime in the 
Incinerador borehole showed the behavior of a typical annual 
period wave within a dry homogeneous material. Figure 2 
shows the temperature oscillations around 0ºC at 15 and 230 
cm. Signals at 15 and 230 cm are delayed more or less 5 days 
as a function of the ground thermal inertia.
The lineal fit for the period with a complete data series for 
both boreholes (2002 to 2006) shows a warming trend at all 
depths, with similar values in both of them (see Table 2).
Direct observations in pits and temperature data show that 
from 1999 to 2002 the top of the permafrost table in Sofía 
borehole was at 90 cm, but since 2003 its depth increased. 
Figure 4 shows the freezing index evolution in Incinerador 
borehole at 15, 90, and 230 cm depth. The curve shows a 
wave shape with a 5-year period and amplitude of more or 
less 300ºC-day. The mean at 15 cm depth for the period of 
2002 to 2006 is -480ºC-day. In Sofía borehole (Fig. 5) the 
value for the same period, at the same depth is -945ºC-day.
Figure 6 shows the thawing index evolution from 2000 
to 2006 at 15, 90, and 230 cm in the Incinerador borehole. 
In this period a very significant warming trend is observed 
at all depths, with, almost, a doubling of the thawing index. 
It changes from 300ºC-day at 15 cm depth in the summer 
of 2001, to more than 600ºC-day in the summer of 2006. 
Despite the short time-series, this trend seems to support a 
significant warming during the summer.
Figure 2. Temperatures at the Incinerador borehole from 2000 to 
2006 at 15 and 230 cm depth. The lineal fit corresponds to the 15 
cm sensor for the period of 2002–2006.
Figure 3. Temperature series at the Sofia borehole from 1999 to 
2006 at 15 and 90 cm depth. The lineal fit corresponds to the 15 cm 
position sensor for the period of 2002–06.
Figure 4. Incinerador freezing index evolution in the periods 2000 
to 2006 at 15, 90, and 230 cm depth.
Figure 5. Sofía freezing index evolution in the periods 2002 to 
2006 at 15 and 90 depth.
Figure 6. Incinerador thawing index evolution during the periods 
2000 to 2006 at 15, 90, and 230 cm depth.
Table 2. Lineal best-fit slopes (dT/dt x 10-3 ºC/day) of the daily 
ground temperatures in Sofía and Incinerador boreholes from 2002 
to 2006.
depth (cm) 15 90 230
Incinerador 1.3 0.8 0.8
Sofía 1.2 1.2 --
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Conclusions
The scarcity of ground temperature data in the Maritime 
Antarctic has driven us to install shallow boreholes in 
Livingston Island. Theses are used for monitoring the impact 
of climate change on the active layer temperatures and on 
permafrost. 
Lineal fits of the ground temperatures at different depths 
in Sofía (275 m a.s.l.) and Incinerador (35 m a.s.l.) boreholes 
show positive slopes. This confirms that the climate warming 
trend identified by other authors is contributing to ground 
warming. The similar positive slopes in both boreholes 
indicate that they are probably more influenced by a regional 
signal, than by local site-specific influences. The increase in 
active layer thickness at Sofia borehole has been confirmed 
by the direct observations of permafrost thaw at 90 cm depth. 
The short period of the data series limits the conclusions 
and therefore no absolute trends in the climate signal are 
presented here. An outcome from the analysis of freezing 
and thawing indexes is that most of the ground warming 
seems to concentrate in the summer. This is in agreement 
with climatological data for the Antarctic Peninsula region 
published by various authors.
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